Double-walled carbon nanotubes (DWCNTs) combined the advantages of multiwalled (MW-) and single-walled (SW-) CNTs can be obtained by transforming the precursors (e.g. fullerene, ferrocene) into thin inner CNTs inside SWCNTs as templates.
DWCNTs via making SWCNTs stable at high temperature in vacuum. This method applies to different types of SWCNTs including metallicity-sorted ones without using any precursors since the carbon sources were from the reconstructed SWCNTs and the residue carbons. The resulting DWCNTs are with high quality and the yield of inner tubes is comparable to/higher than that of the DWCNTs made from the transformation of ferrocene/fullerene peapods.
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single-walled carbon nanotubes, double-walled carbon nanotubes, high-temperature annealing, Raman spectroscopy, absorption spectroscopy, high-resolution transmission electron microscopy Double-walled carbon nanotubes (DWCNTs), as two-layered multi-walled CNTs (MWCNTs), combine the advantages of both MWCNTs and single-walled CNTs (SWCNTs), e.g. great conductivity and flexibility as the SWCNTs; chemical/oxidative stability as the MWCNTs [1] [2] [3] . Also, DWCNTs present superior electrical and thermal transport, resulting in promising nanodevices. 4, 5 Hence, increasing attention has been paid to their synthesis [6] [7] [8] [9] [10] [11] , separation [12] [13] [14] [15] , properties [16] [17] [18] , and applications 2, 19, 20 . Previously, direct synthesis of DWCNTs has been achieved by chemical vapour deposition (CVD) 6, 7, 9, 11 and the arc-discharge method 8, 10, 21 . However, these methods normally produce large DWCNTs with a wide diameter distribution. In order to get thin DWCNTs with narrow diameter distribution, so called peapods, e.g. fullerene/ferrocene filled SWCNTs, can be transformed into DWCNTs by annealing in vacuum normally below 1300
• C [22] [23] [24] . The disadvantage on the peapod method is that filling the precursor molecules like fullerene/ferrocene as the first step is complicated, time consuming, and in small amount. Especially, it cannot apply to the SWCNTs with small diameter.
Here we introduce a one-step method to produce small-diameter DWCNTs with narrow diameter distribution in large scale, i.e. high-temperature annealing of SWCNTs at the temperature between 1400 and 1500 • C. High-temperature annealing of SWCNTs in inert gas or vacuum is commonly applied to purify CNTs, e.g. removing residual metals and reducing the wall defects [25] [26] [27] . However, SWCNTs, especially thin and/or defective ones, are structurally reformed at high temperature. Depending on the temperature, SWCNTs can be enlarged during the annealing [28] [29] [30] and combined into thick multi-walled CNTs (MWCNTs) at higher temperatures [29] [30] [31] [32] Compared to the DWCNTs obtained from the fullerene/ferrocene peapods, surprisingly the DWCNTs in our experiment has higher/similar filling ratio of inner tubes.
Experimental and method
SWCNTs with different average diameters (see Table 1 ). Table 1 : Information on the samples before and after annealing. The area of inner tubes for the annealed Hipco sample is obtained from the spectrum excited by a 633 nm laser.
Results and discussion
Different high-purity SWCNTs have been used in this study, as summarized in Table   1 . The D/G ratios of most of pristine samples are smaller than 0.03, except the one for semiconducting tubes, whose D/G ratio is 0.066, suggesting that they were partially damaged by the separation process 38, 41 . After high-temperature annealing at 1500
• C the D/G ratios of the samples slightly increase, but in all cases remaining at low values, reflecting that the graphitisation of the annealed samples keeps very high and defect density is still low.
Deepening into the analysis of the Raman spectra, as expected for the eDIPS-1.7 sample, the peak located at around 120 cm −1 corresponding to the SWCNTs with diameter of about 2.1 nm in the radial breathing mode (RBM) region down-shifts to lower frequency with the increased annealing temperature (see Figure 1a ), indicating that these large SWCNTs are indeed enlarged, which is consistent with previous studies [28] [29] [30] shift to higher frequencies corresponding to smaller tubes and many new sharp peaks, which belong to ultra-thin nanotubes appear even starting at 1300
• C (earlier than the nanotube enlargement occurs) and maximising at 1500
• C, as seen in .
In order to confirm the Raman spectroscopic results on the inner tube formation, highresolution transmission electron microscopy (HRTEM) was carried out. Fig. 3 and Figs. S7
and S8 show several high magnification images of the eDIPs 1.3nm tubes annealed at 1500
• C, where the inner tube formation is evident. The new created DWCNTs are mostly with well-defined structure of inner tubes, as shown in Figs. 3a-3c . However, we still can find a few SWCNTs with segments of inner tubes (Fig. 3d) . Statistically, the ratio of the DWCNTs in the sample is higher than 90 % (Fig. 3e) , which is similar as the one reported on the CVDDWCNTs 7,9,11 . As seen in Fig. 3f , the diameter distributions of the inner and outer tubes from many TEM images for the eDIPS-1.3 sample indicate that the sample contains a large population of ultra-thin DWCNTs, which is in line with our Raman spectroscopic results.
Therefore, compared to the CVD and arc-discharge methods it is a big advantage for our high-temperature annealing method to obtain ultra-thin DWCNTs, where the outer diameter of such ultra-thin DWCNTs mostly depends on the pristine SWCNTs. In such cases, additional RBM peaks from 250 to 360 cm −1 corresponding to inner tubes were observed after the transformation (Fig. 4) . Raman spectra of transformed transformed 
Conclusions
We have shown that high temperature high vacuum annealing as a universal route to synthesize high-yield DWCNTs with narrow diameter distribution using SWCNTs as starting materials. The inner tube formation was found only within a very narrow window, otherwise the inner tubes are damaged again at higher temperature. The new formed inner tubes are ultra-thin, for example even (6,1), (5,3), (7, 2) , and (8,0) exist in the annealed samples.
Similar results have been found when applying metallic and semiconducting SWCNTs as the host nanotubes for inner tube formation. Also, both semiconducting and metallic inner tubes can be synthesized in all SWCNTs. Applying this new post-treatment route, ultrathin DWCNTs can be easily and fast prepared in bulk without additional carbon source.
Also, the filling ratio of inner tubes is higher than (comparable to) the one obtained from the transformed fullerene (ferrocene)@SWCNTs. Combining the advantages of both SWCNTs and MWCNTs, such high-quality DWCNTs can be applied to most of the applications explored using SWCNTs and/or MWCNTs.
Experimental and method
SWCNTs with different average diameters (see Table 1 ) were used in this study: HiPco
SWCNTs with a mean diameter of 1.1 nm were purchased from Carbon Nanotechnologies Incorporated (P0169); eDIPS-SWCNTs with average diameter around 1.3 and 1.7 nm were prepared by enhanced direct injection pyrolytic synthesis (eDIPS) method, labeled as eDIPS-1.3 and eDIPS-1.7, respectively 37 ; semiconducting and metallic SWCNTs were synthesised by arc-discharge method (marked as arc-1.4) and separated by the density gradient ultracentrifugation method 38 . Semiconducting and metallic SWCNTs were used as obtained, whereas HiPco and eDIPS SWCNTs were purified by a three-step process before the hightemperature annealing: First, hydrochloric acid (HCl) treatment was applied to remove part of the catalysts. Second, the filtered sample was annealed in air at 400
• C to remove the amorphous carbon that encapsulated catalyst particles. Third, HCl treatment again to remove the remaining catalysts and then washed out by deionised water. Buckypapers containing purified SWCNTs were obtained after filtering and drying.
In order to create the inner tubes, all of the SWCNT samples in the form of buckypaper were annealed at high temperature between 1300 and 1550 • C for 1 hour under high vacuum (below 10 −7 bar). Note that the purification process before high-temperature annealing is necessary, otherwise the catalyst residues in the sample would destroy the SWCNTs significantly.
For comparison, CVD DWCNTs with average outer diameter of 1.5 nm were synthesized by high-vacuum CVD 11 . Another type of DWCNTs was prepared from ferrocene filled eDIPS-1.3 SWCNTs 39, 40 . In short, purified eDIPS-1.3 SWCNTs opened by an air treatment at 400
• C were sealed together with ferrocene in a quartz tube under vacuum below 10
mbar. In order to fill ferrocene inside the SWCNTs, the sealed sample was heated at 400 • C for 2 days. Then the ferrocene inside eDIPS-1. 
